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Equi-atomic and non equi-atomic multi-component systems were synthesized through different routes
to form high-entropy single solid solution. One such high-entropy alloy (HEA) with hexanary composi-
tion AlCoCrCuFeZnx was synthesized using mechanical alloying. The effect of zinc variation on the crystal
structure and phase formation was characterized using XRD, FESEM with EDS and TEM. The synthesis
resulted in both equi-atomic and non equi-atomic nano crystalline AlCoCrCuFeZn with a crystallite size
less than 10 nm.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Traditionally alloys were processed by adding an alloying ele-
ment on a single principle element. This was done through various
routes like casting, laser cladding, powder metallurgy route etc.
Equi-atomic systems comprising more than ﬁve elements were
being studied in detail recently. These multicomponent alloys are
solid solutions with equiatomic or near equiatomic compositions
[1–9]. Yeh et al. [1,2] in 2004 ﬁrst developed High entropy alloys
(HEA). HEA are composed of at least ﬁve principal elements with
concentration between 5 and 35 at% for each elemental FCC, BCC
phases, nano-sized precipitates and amorphous phases are formed
as a result of high conﬁgurational entropy in both liquid and solid
solution states.
The conventional strategy for developing alloys is to choose
one or two elements as the main factors for primary attributes and
other minor elements as alloying addition for modifying micro-
structure and properties. However, this conventional approach
restricts the number of alloys that can be studied and utilized. In
the light of this limitation, a novel alloy approach coined as high-
entropy alloys (HEA) was proposed by Yeh for broadening the alloy
ﬁeld. Traditional metallurgical theory suggests multiple alloying
elements leading to the formation of many intermetallic com-
pounds which not only cause brittleness but are also difﬁcult toy. Production and hosting by Elsev
li).
als Research Society.analyze. But high-entropy alloys enhance the formation of simple
solid solution structures (FCC, BCC or mixed) rather than many
complex phases due to high mixing entropy effect. Due to this
effect HEAs have promising properties such as high elevated-
temperature strength, excellent wear, corrosion and oxidation
resistance [7–11]. The present work focuses on the synthesis of
AlCrCoCuFeZnx high-entropy nano crystalline alloy through me-
chanical alloying. The consequent formation of crystal structures
and phase evaluations during mechanical alloying are also studied.2. Experimental details
The elemental powders of Al, Fe, Cr, Co, Cu, and Zn with purity
higher than 99.5% and particle size of r45 mmwere mechanically
alloyed to form hexanary multi component alloy system in
equiatomic ratio. Addition of Zinc was varied at 0.5, 1.5 and
2.0 wt% to the AlCoCrCuFeZn hexanary for achieving a non-
equiatomic system. A Fritsch Pulverisette P-5 planetary ball mill
was used with a ball to powder weight ratio of 10:1 using tungsten
carbide vials and balls for mechanical alloying. Powders were
milled to a total of 20 h at 250 rpm in toluene media. For studying
the alloying behaviour during milling, Powder samples were taken
at regular intervals of time (5 h) and XRD experiments were car-
ried out in a Rigaku ultimaIII diffractometer. The chemical homo-
geneity and morphology of the nano crystalline alloy powders
were conﬁrmed using a Carl Zeiss Field Emission Scanning Elec-
tron Microscope with Bruker Quantax 200 – Z10 EDS Detector,ier B.V. This is an open access article under the CC BY-NC-ND license
Table 1
Thermo-physical properties of AlCoCrCuFeZnx HEA system.
System Entropy of mixing
11rΔSmixr19.5
Enthalpy of mixing
22rΔHmixr7
Atomic size difference
0rδr8.5
Electron negativity
difference
Valence electron concentration
6.87oVECo8
AlCoCrCuFeZn1.0 14.89 4.90 4.75 0.117 8.16
AlCoCrCuFeZn0.5 14.69 5.856 4.90 0.118 7.81
AlCoCrCuFeZn1.5 14.782 4.173 4.60 0.116 8.459
AlCoCrCuFeZn2.0 14.529 3.588 4.60 0.11 8.712
Fig. 1. XRD Patterns of HEA alloys. (a) AlCoCrCuFeZn0.5 alloy, (b) AlCoCrCuFeZn1.0 alloy, (c) AlCoCrCuFeZn1.5 alloy, (d) AlCoCrCuFeZn2.0 alloy.
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conforming the nano crystallinity and crystal structure of the
AlCoCrCuFeZnx alloy.3. Results and discussion
The parameters such as entropy of mixing, enthalpy of mixing,
atomic size difference, electron negativity difference, and valence
electron concentration are used for predicting the formation of
solid solutions after milling or not [7,10−12]. Table 1 shows the
thermo-physical properties of AlCoCrCuFeZnxHEA system.3.1. Phase evaluation
Fig. 1 shows the XRD patterns of the milled AlCoCrCuFeZn,
AlCoCrCuFeZn0.5, AlCoCrCuFeZn1.5 and AlCoCrCuFeZn2.0 HEA taken
at various milling hours. The crystallite size and lattice strain were
calculated using Scherer and Williamson-Hall equation as given in
Table 2.
λ β θ=D cos0.94 / Scherer formula
β θ λ θ= + ϵ −cos
D
sin
0.94
4 Williamson Hall equation
Table 2
Crystallite size and lattice strain of AlCoCrCuFeZnxHEA system at different hours of
milling.
S. no. System Hours of
milling
Crystallite size
(nm)
Lattice strain
(%)
1 AlCoCrCuFeZn0.5 10 12 0.0079
15 9 0.0104
20 7 0.0128
2 AlCoCrCuFeZn1.0 10 15 0.0062
15 13 0.0073
20 11 0.0083
3 AlCoCrCuFeZn1.5 10 14 0.0069
15 11 0.0084
20 9 0.0103
4 AlCoCrCuFeZn2.0 10 20 0.0048
15 11 0.0084
20 9 0.0103
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the elements show intensities revealing that the solid solution had
not started. After 5 h of milling, peaks corresponding to Zn, Al, and
Cr disappear. This is due the elements starting to diffuse with Cu
forming partial solid solution. The reduction and broadening of the
peaks is attributed to the reduction in crystallite size and increaseFig. 2. SEM image of (a) 5 h. (b) 10 h. (c) 15 h. (din lattice strain. The reduction in intensity of the peaks with re-
spect to milling time causes as a result of the diffusion of elements
during milling leading to solid solution formation [7,13–15].
Two phases were formed at 20 h of milling which are pre-
dominant FCC with minor BCC peak. Iron acts as a solvent for alloy
formation and copper segregates due to its high positive enthalpy
of mixing values with other elements [14,15].
For equi-atomic AlCoCrCuFeZn system, FCC structure formation
can be favored by Cu & Co as shown in Fig. 1b. The signiﬁcant peak
broadening and the reduction in intensity of the peaks were ob-
served after 10 h of milling, which may be caused by not only the
reduction in crystallite size. The increase in lattice strain but also
due to increase in grain boundary area during ball milling. At the
end of 20 h of milling the predominant FCC presented.
Fig. 1c represents the XRD patterns of AlCoCrCuFeZn1.5 HEA
after 10 h of milling. Aluminum and zinc are seen dissolving
completely due to the absence of corresponding peaks. Decrease in
peak intensity indicates that to some extent copper also has dis-
solved [5]. A detailed analysis of this XRD pattern after 15 h of
milling clears that the alloy consists of a predominant BCC phase
representing the highest intensity peak of iron in which other
elements are dissolved. Analysis of 20 h milled powders reveals
the alloy consisting of a predominant FCC phase representing) 20 h. AlCoCrCuFeZnx HEA milled powders.
Fig. 3. EDS Analysis results of (a) AlCoCrCuFeZn0.5. (b) AlCoCrCuFeZn1.0. (c) AlCoCrCuFeZn1.5. (d) AlCoCrCuFeZn2.0.
Fig. 4. TEM bright ﬁeld images and SAD patterns of HEA alloys. (a) AlCoCrCuFeZn0.5, (b) AlCoCrCuFeZn1.0, (c) AlCoCrCuFeZn1.5, (d) AlCoCrCuFeZn2.0.
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Fig. 1d represents the XRD patterns of AlCoCrCuFeZn2.0 HEA at
0 h where in zinc and copper presented in major peaks. After 10 h
of milling aluminum and zinc were seen completely dissolving due
to the absence of corresponding peaks. Copper dissolves to some
extent in this system too. A detailed analysis of this XRD pattern
after 15 h of milling reveals the alloy consisting of a predominantBCC phase representing iron. Other elements are dissolved into
iron which is formed in the highest intensity peak. After 20 h of
milling the alloy is seen consisting of a predominant FCC phase
representing cobalt in which other elements are dissolved.
Fig. 2 depicts the SEM images of the AlCoCrCuFeZnx system at
intervals of 5, 10, 15, 20 h. During the initial hours of milling par-
ticles cold-weld together leading to the formation of larger
Table 3
Experimental and calculated d-spacing values of AlCoCrCuFeZnx HEA system alloys.
S. no. System 2θ d-spacing (ex-
perimental)
(nm)
d-spacing
(calculated)
(nm)
Planes-
crystal
structure
1 AlCrCoCuFeZn0.5 44.60 0.2029 0.2027 111,011-
FCCþBCC
2 AlCrCoCuFeZn1.0 44.19 0.2047 0.2036 111-FCC
3 AlCrCoCuFeZn1.5 44.26 0.2044 0.2039 111- FCC
4 AlCrCoCuFeZn2.0 44.27 0.2044 0.2040 111-FCC
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particles when the milling is prolonged. The equilibrium between
the crushment and fragmentation is achieved at a certain milling
duration. The micro scaled powder consists actually of hard ag-
glomerated particles of mechanically alloyed nano scaled crystal-
line particles.
The nominal composition of each element in these alloys can
be quantitatively analyzed by the.
EDS spectrum of 20 h milled samples [7,8]. Fig. 3 shows the EDS
spectra of all the nano crystalline systems at 20 h milling con-
ﬁrming the nominal composition.
The TEM bright ﬁeld image and the corresponding selected
area diffraction (SAD) patterns are shown in Fig. 4 for the multi-
component AlCoCrCuFeZnx high-entropy alloy. The nanocrystal-
line nature and crystal structure of the milled powders were
analyzed using the SAD pattern. The analysis clearly indicates the
alloy exhibiting nano-crystallinity with FCC structure. The d-spa-
cing value was calculated using SAD pattern matched with the
experimental values [3–8]. The d-spacing values are listed in
Table 3.4. Conclusions
The AlCoCrCuFeZn0.5, AlCoCrCuFeZn, AlCoCrCuFeZn1.5 andAlCoCrCuFeZn2.0 high-entropy alloys were synthesized success-
fully from elemental powders through mechanical alloying. The
alloys AlCrCoCuFeZn0.5 exhibit mixed predominant FCC with
minor BCC phase after 20 h of milling with crystallite size of 7 nm.
The other equi-atomic and non equi-atomic hexanary multi-
component alloys AlCrCoCuFeZn, AlCrCoCuFeZn1.5 and
AlCrCoCuFeZn2.0 exhibit FCC structure with crystallite size of 9 nm
after 20 h of milling respectively. The SEM images conﬁrm the
presence of nano particles which are agglomerated into larger
elliptical shaped structures. The homogeneity and chemical com-
position of the high-entropy alloys were conﬁrmed using EDS
analysis and also nano crystallinity with phase formation were
conﬁrmed through TEM–SAD patterns.References
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